In this study, a multi-parameter design of experiments, using Taguchi method, has been conducted in order to investigate the optimum curing conditions for glass fabric/epoxy laminated composites, followed by a statistical analysis and genetic algorithm optimization. Heating rate a, temperature T 1 and duration h 1 were treated as independent variables in a L 25 Taguchi orthogonal array addressing five levels each. Tensile load and flexural strength were examined as pre-selected quality objectives. The results of the analysis of variance performed showed that the significant parameters for both tensile and flexural strength were temperature and duration, at a 95% confidence level. The estimation of the curing parameters for optimum tensile and flexural performance was achieved with an error considerably lower than 1%. The Poisson regression analysis was introduced to achieve a highly accurate regression model, with R 2 greater than 97% for both optimization criteria. Finally, these two regression models were converted into a two-fold function for maximizing both criteria, and used as fitness function for a multi-objective optimization genetic algorithm.
Introduction
One of the most important processes for epoxy composites production is curing, since most of the final properties of the composites are controlled and affected by the curing cycle applied 1, 2 . Many different parameters that affect the curing cycle and its results, such as the relation between the curing temperature (T cure ) and the glass transition temperature (T g ) 3 , have been widely investigated [3] [4] [5] [6] . Alternative curing processes, such as curing using microwaves, have been studied as well [7] [8] [9] [10] . Taguchi analysis has been used in many cases to predict the response of composite materials, evaluate the significance of affecting parameters and calculate the optimum conditions/ parameters for various types of composite materials and related processes. A.Q. Barbosa et al. used a Taguchi design of experiments to understand the influence of each parameter under study (amount, size and presence of surface treatment) and the interaction between them 11 . The finite element (FE) simulation, the Taguchi technique, and the analysis of variance (ANOVA) techniques were carried out by Thipprakmas to investigate the degree of importance of V-ring indenter parameters 12 . A. K. Parida et al. applied response surface methodology (RSM) to determine the optimum machining conditions leading to minimum surface roughness in drilling of GFRP composite 13 . The experimental plan and analysis is based on the Taguchi L 27 orthogonal array taking spindle speed (N), feed (f) and diameter of drill bit (d) as important parameters. Rout and Satapathy describe a Taguchi design methodology to determine optimal parameter settings in the development of multiphase hybrid composites consisting of epoxy reinforced with glass-fiber and filled with rice husk particulates 14 . R.A. Kishore et al. performed a Taguchi analysis of the residual tensile strength after drilling in glass fiber reinforced epoxy composites 15 . V.N. Gaitonde et al. investigated and analyzed the parametric influence on delamination in high-speed drilling of carbon fiber reinforced plastic composites 16 . Tsao and Hocheng investigated the delamination associated with various drill bits in drilling of composite materials using Taguchi analysis 17 . Davim and Reis investigated the drilling process on carbon fiber reinforced plastics manufactured by autoclave, performing an experimental study followed by a statistical analysis of the results 18 . Several different methods have been used to analyze the influence of the curing parameters on the final properties of the produced composites. Full factorial approaches are the most commonly used although they employ limited number of levels for each factor, due to the considerably large number of experiments 19, 20 . Some studies control only one factor per time, i.e. per experimental series 21 . The central composite rotatable design combined with a quadratic response surface model has been also used 22 . Finally, Taguchi design of experiments has been used combined mostly with linear or quadratic regression models 11 . The commonly used Multiple Regression Analyses are based on many different regression models [23] [24] [25] [26] [27] [28] . Many efforts have been made in order to achieve a highly accurate multiple regression model 25, [27] [28] [29] . However, the widely used regression models are quite trivial and their accuracy is in many cases quite low 11 . In order to investigate the optimum curing conditions for glass fabric/epoxy laminated composites, a multi-parameter design of experiments, using Taguchi method, has been conducted in this study, followed by statistical analysis and a genetic algorithm multi-objective optimization. In a L 25 Taguchi orthogonal array, the parameters heating rate a, temperature T 1 and duration h 1 were treated as independent variables addressing five levels each. The quality objectives examined were tensile load and flexural strength. Flexural strength is of the most important and desired properties of fabric reinforced laminated composites [30] [31] [32] . However, composite structures often fail under flexural load 32, 33 . Therefore, it is crucial to obtain the optimum flexural strength for these materials, since there is a constant need for their flexural performance improvement. Additionally, tensile performance is important to be optimized for all engineering materials. Analysis of variance results shown that the significant parameters for both tensile and flexural strength were temperature T 1 and duration h 1 , at a 95% confidence level. The error of the estimation of the curing parameters for optimum tensile and flexural performance was considerably lower than 1%. However, the widely used regression models achieved quite low accuracy. Therefore, the solution came from a regression analysis that is quite common in epidemiology, sociology and psychology, i.e. Poisson regression. Here, the Poisson regression analysis was introduced to achieve a highly accurate regression model, with R 2 greater than 97% for both optimization criteria. This accuracy has never reported using the widely used regression models. Finally, these two regression models were converted into a two-fold function for maximizing both criteria, and used as fitness function for a multi-objective optimization genetic algorithm.
Taguchi design of Experiments
In order to study the entire process parameter space with a small number of experiments only, Taguchi's method uses a special design of orthogonal arrays 34 . The Taguchi approach is a more effective method than traditional design of experiment methods such as factorial design, which is resource and time consuming. With this method the number of experiments to evaluate the influence of control parameters on certain quality properties or characteristics is markedly reduced compared to a full factorial approach. For example, a process with 8 variables, each with 3 states, would require 3 8 = 6561 experiments to test all variables (full factorial design). However, using Taguchi's orthogonal arrays, only 18 experiments are necessary, i.e. less than 0.3% of the original number of experiments. Taguchi recommends the use of the loss function to determine the deviation between the experimental value of the performance characteristic and the desired value. The loss function is further transformed into an S/N ratio, which is used to rank the influencing parameters according to their impact on the measured value. After that, the significant parameters can be separated from the parameters which are negligible using ANOVA. This allows a prediction of the optimal manufacturing or process parameters 35 . To verify the predicted optimal testing parameters, a confirmation experiment with these parameters should be employed 36, 37 . In the calculation of the loss function there are three ways of transformation depending on the desired characteristic of the measured value. The characteristic of the desired value can either be the-lower-the-better, the-higher-the-better or the-nominal-the better. The loss function of the ''the-nominalthe-better'' quality characteristic (y k ) with m as the mean of the target quality parameter is calculated as shown in Eq. (1) where L ij is the loss function of the i th performance characteristic in the j th experiment. The loss function of the "the-lower-the-better" and the "the higher-the-better" from the target value of the quality performance characteristic are shown in Eqs. (2) and (3), respectively.
(1)
In the Taguchi method, the S/N ratio is used to determine the deviation of the performance characteristic from the desired value. The S/N ratio n ij for the i th performance characteristic in the j th experiment can be calculated using the following equation:
Regardless of the category of the performance characteristic, a larger S/N ratio corresponds to a better-quality performance. Therefore, the optimal level of the process parameters is the level with the highest S/N ratio 38, 39 . The selection of control factors is the most important part in the design of experiment. Therefore, many factors are initially included so that the non-significant variables can be identified easily. Factors like heating rate (a), temperature (T 1 ), time (h 1 ) largely influence the mechanical behavior of the epoxy matrix [19] [20] [21] [22] and, consequently, of the laminated composite. The impact of these three factors on tensile
and fracture stresses in glass fabric/epoxy composites is, therefore, studied in this work using an L 25 orthogonal array design. The selected levels of the three control factors are listed in Table 1 . Since to different targets are included in this study, i.e. tensile and flexural performance, the levels of the temperature factor (T 1 ) should be both below and above T g temperature, in order to investigate all the curing mechanisms can be achieved [3] [4] [5] [19] [20] [21] . The levels of the time factor (h 1 ) and the heating rate factor (a) were selected to be in accordance with both the literature [19] [20] [21] 40 and manufacturers' guides for similar epoxy systems.
Experimental Procedure

Materials
The low-viscosity Araldite GY 783 epoxy resin combined with the low-viscosity, phenol free, modified cycloaliphatic polyamine hardener was used as matrix material for the composite specimens of the present study. The glass transition temperature (Tg) was 100°C and the gel time for the specific matrix composition at 20°C and 65% relative humidity (RH), conditioning requirements which were obeyed during the preparation of the composites laminates, was 35 min. Woven E-glass fabric of 282 g/m 2 density was used for matrix reinforcement, as presented in Fig.1 . Fig.2 presents an explosive view of the fabrication process together with the E-glass fabric (P) orientations in the composite laminates. The characteristics of the fabric used can be found in Table 2 . Since the warp direction is the enhanced one, see Table 2 , it is clear that this is the main weave direction. Therefore, the laminae orientations in the stacking sequence of the composites will be based on the warp direction.
Preparation of E-glass fabric/epoxy composites
Weighed amount of hardener was added into the epoxy resin (monomer) at the manufacturer recommended monomer/ hardener proportion, which was a 100:50 by weight ratio, and stirred gently using a laboratory mixer for mechanical Table 2 . Characteristics of the glass fabrics used.
Warp Weft
Fiber description Glass EC11 204 fiber Glass EC11 204 fiber
Thread count (ends/cm) 8 6
Weight distribution (%) 57 43 stirring for a process time of 5 min at 200 rpm. Subsequently, the matrix mixture was coated and hand-rolled on E-glass fabrics in layer sequence under constant stirring. For each hand lay-up procedure, four layers of E-glass fabric were employed in [0º/45º/-45º/0º] T sequence. Before the first layer coating, the surface on which the specimens were produced was covered by release paste wax. The hand layup procedure applied, along with the stacking sequence of the specimens, is presented in Fig.2 through a 3D model in explosive view mode. The processing temperature for the hand lay-up process applied was 23±1°C (ambient temperature). To achieve a 40±1% by volume epoxy proportion in all specimens, both the fabric and the matrix mixture used for coating were weighed before each hand lay-up process and after solidification. The dimensions of each specimen which underwent 3-point bending tests were 93.6 × 12.7 ×1.1 mm, as in accordance with ASTM D790-03 test method. The specimens which underwent tensile test had a total size of 102 × 6 × 1.1 mm according to ASTM D3039/3039M. All specimens were cut at their testing dimensions using a Struers Discotom-2 along with a 40A25 cut-off wheel. To evaluate if tabs were needed on the holding regions of the specimens, the theoretical tab limits were marked on the specimens, as indicated from the aforementioned ASTM standard method. Thus, if the failure occurs between the two theoretical tab limits (theoretical control region) no tabs are needed. As it can be seen in Fig.3 , the failure occurred into the theoretical control region and, therefore, no tabs are recommended by the ASTM standard used.
For each experiment number (run number) of the Taguchi design of experiments, see Tables 3 and 4 , five specimens were prepared and underwent each test (five specimens for each tensile and five for each flexural test). 
Curing of E-glass fabric/epoxy composites
All specimens left in ambient temperature for 6 hours before the curing conditions of the Taguchi design of experiments, as described in Tables 3 and 4 , were applied. Therefore, the complete curing cycle applied is presented in Fig.4 , where parameter a, T 1 and h 1 represent the heating rate [°C/min], the temperature of the first curing step [°C] and the duration of the first curing step [h], respectively. The selected values for each parameter under study (i.e. the design of experiment levels) can be found in Table 1 .
The curing temperature (T cure ) can be either higher or lower of the glass transition temperature (T g ) [3] [4] [5] . When T cure > T g , the reaction proceeds rapidly at a rate driven by chemical kinetics. When T cure = T g , vitrification takes place (i.e. material solidifies). Finally, when T cure < T g , the reaction rate decelerates and becomes diffusion-controlled. In order to include all the aforementioned mechanisms in the Taguchi design of experiments, apart from the T g temperature, two different temperatures under T g were selected as well as two different temperatures over it, see Table 1 .
Experimental set-up and tests
The test machine used for the both tensile and 3-point bending tests was an Instron 4482 of 100 kN capacity. In accordance with the ASTM standard methods used, i.e. D790-03 and D3039/3039M, all tests were performed in a standard laboratory atmosphere (23±1ºC and 50±5% relative humidity). Test conditioning was kept constant for 6 hours before each test. To meet the test method's span-to-depth specification, the support span was set at 52 mm for the flexural tests. The recommended from the ASTM methods test speed of 2 mm/min was applied on both tensile and 3-point bending tests. 
Results and Discussion
Taguchi results
In terms of the S/N ratio for stresses and load value, the higher the better. This can be calculated as logarithmic transformation of loss function (Eq. 2). The calculated signal to noise (S/N) ratio for each experiment is presented in Tables 3 and 4 for tensile and flexural test respectively, along with their experimental results. S/N ratio is an important characteristic in order to achieve robustness in Taguchi design of experiment, desired output is known as the signal and variability caused by factors is known as noise.
The main effects plot for the main effect terms in tensile load for factors a, T 1 , and h 1 are shown in Fig.5 . From the main effect plots, it has been observed that the tensile load of the composite increases for heating rate values ranging from 1ºC/min to 2ºC/min and from 3ºC/min to 4 ºC/min and decreases with faster heating. The curing temperature affects the tensile load increase of the composite material as well. Specifically, while temperature is ranging from 50 ºC to 80 ºC an increase in load occurred. Subsequently, from 80 ºC to 100 ºC the load remains constant and from 100 ºC up to 120 ºC it increases. Further increase in temperature leads to an opposite outcome, showing downgrading of mechanical properties due to thermal decomposition of long chains of the epoxy matrix. With increased temperature, free radicals and developing polymer chains become more fluid as a consequence of decreased viscosity and they react to a greater extent. This results in a more complete polymerization reaction and consequently greater crosslinking 41 . The increase in the degree of polymerization of composites may lead to improved mechanical properties and increased wear resistance 42 . Therefore, it is expected that by increasing the process temperature the performance of the produced composite may be consequently increased as well. It is known that while the temperature increases, the thermal expansion coefficient of epoxy/fiberglass composites is being increased as well 43 . However, it increases with a different rate of change for low and for high temperature values. Specifically, for low temperature values the rate of change is quite low and while increasing the temperature this rate takes considerably greater values. Due to the high values of thermal expansion coefficient for temperatures greater than 120 ºC, voids may be formed on the epoxy/ fiberglass interfaces, leading in this manner to a consequent performance drop 44 . The curing time increase affects the increase of the tensile load of the composite material while factor h 1 is ranging from 2 to 4 hours. From 4 to 6 hours the tensile load decreases. From 6 to 8 hours the load increases and for greater values of h 1 the load decreases. From the main effect plots of Fig.6 , it can be observed that the flexural strength of the composite responses similarly with the tensile load while changing the heating rate value. The temperature increase affects the flexural strength of the composite in the same manner as it affects the tensile load, as well. The h 1 factor, which represents the curing duration, has a positive effect in terms of increasing the flexural strength of the composite. For h 1 values up to 8 hours a rise of load can be observed and with further increase of h 1 factor the flexural strength decreases. In general, an initial performance increase can be observed for both tensile and flexural tests while the curing time increases. Subsequently, the performance shows a decreasing trend. For short curing times, it is known that a curing time increase leads to a subsequent strength increase 45 .
The curing cycle had a significant effect on both the tensile and flexural performance of the composites. It is known that the curing cycle affects the polymer chains of the matrix [46] [47] [48] [49] as well as the quality of the fibril/epoxy interface 44 . Due to the different thermal expansion coefficient of the involved components, i.e. fibrils and epoxy matrix, while a composite laminate undergoes thermal cycles during curing, voids may be formed on the fibril/epoxy interfaces leading to an interface interruption 44 . 
Analysis of Variance
Analysis of variance (ANOVA) is a statistical tool which examines the hypothesis that the means of two or more populations are equal. It evaluates the significance of one or more factors by comparing the response variable means at the different factor levels. It was observed that the significant factor for tensile and flexural strength was temperature and time at 95% confidence level, see Tables 5 and 6 . In order to evaluate the analysis, conformation tests were performed (Tables 7 and 8 ) by comparing actual values and optimal ones. The optimal values can be predicted using Eq. (5) 50 . (5) where: η m is the total mean of the response under consideration (tensile load and flexural strength, respectively); η i is the mean response value at the optimum level and q is the number of the curing process control factors that significantly affect the response of the composites after curing.
Poisson Regression Analysis with Backward Elimination
Regression analysis is a statistical process for approximating the relationships between variables. It is a method for modelling different variables. It helps to understand how the dependent variable deviates when any one of the independent variables is changed 51 . Poisson regression is a regression method, which employees a logarithmic transformation that compensates for skewness, prevents a negative predicted value, and also includes the proportionality between variance and the mean 52 . Therefore, if Y has a Poisson distribution, then a loglinear model can be constructed as (6) The difficulty of the above form is that the prediction is in terms of log counts. However, in practice actual counts are needed. To handle this difficulty, both sides have to be exponiated. (7) or equally (8) In this form, the predicted value of Y is in counts.
The backward elimination applied to all the variants included in the regression. The effect of removing a variable on residual mean square (MS res ) was assessed for each variable, and the variable with the least effect on increasing MS res was removed if it did not increase the F ratio for removal, Fout. Fout was set at 4. The process continued until removal caused a significant change in MS res , when that variant was left in and no further removals were done.
Poisson regression analysis, together with backward elimination, was carried out for tensile load and flexural strength taking all factors (a, T 1 , h 1 ) as independent variables. In the case of flexural strength regression model, only the significant factors (T 1 , h 1 ) were kept, since the heating rate factor (a) was eliminated by the backward elimination process. Normal probability of regression equation was also plotted in Figs.7 and 8 for tensile load and flexural strength respectively. The regression coefficients of tensile load and flexural stress values are provided in Tables 9 and  10 respectively. where
where
Tensile Load e Taking this data into consideration it is possible to formulate an equation that allows for the prediction of the mechanical behavior of the composite by altering the temperature and the curing time. Figs. 9 and 10 present a comparison between the theoretical model, see Eqs. (9) and (10), and the experimental results for both tensile and flexural tests. It can be easily observed that the experimental and theoretical results always show a perfect correlation. Therefore, the equations of the theoretical model above are a useful tool to accurately predict both the tensile (R 
Process optimization using a genetic algorithm
The aim of the optimization procedure is to determine the optimal values of the curing parameters (a, T 1 , h 1 ) that contribute to the maximum values for both criteria; Tensile Load and Flexural Strength. The solution of the aforementioned task lies on the multi-objective optimization concept. The Poisson regression models for both criteria, i.e. Eqs. (9) and (10), were converted into a MATLAB® function for maximizing Tensile Load and Flexural Strength. Therefore, the two-fold function of eq. (11) was created. 
Eq. (11) was the fitness function for the multi-objective optimization GA of MATLAB® optimization toolbox. For the optimization process a population size of 45 individuals (15 * number of variables) was specified to evolve for 500 generations with 0.8 probability single point crossover and a constraint dependent mutation function. The algorithmic parameter values were selected as recommended by the optimization toolbox employed, i.e. the migration interval was set to 20; migration fraction was set to 0.2 and Pareto fraction was set to 0.35.
The Pareto-optimal solutions obtained together with their corresponding performance values are summarized in Table 11 . The average distance between individuals (candidate solutions) referring to the objective values is depicted in Fig.11 . As can be seen in Table 11 , the minimum individual distance was obtained for solutions 1 and 2. Therefore, the respective Pareto-optimal fonts indicate that the curing process is optimum, as per the maximization of both tensile and flexural performance, for a = 1 (ºC/min), T 1 = 85 (ºC) and h 1 = 10 (h). elimination, led to a theoretical model, the correlation of which with the experimental results was almost perfect. Therefore, the Poisson regression theoretical model can accurately predict both the tensile and flexural response of the cured composites. (e) The optimum curing process, as regards the maximization of both tensile and flexural performance, can be obtained for temperature T 1 lower than the glass transition temperature T g (diffusion-controlled reaction). Additionally, even if the heating rate a is not a significant factor, the optimum curing process requires a low a value, equal to 1 ºC/min. Figure 11 . Average distance between individuals per generation and Pareto front.
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Conclusions
Woven E-glass fabric/epoxy laminated composites were produced and underwent tensile and flexural testing according to a L 25 Taguchi design of experiments. Based on the experimental results as well as the subsequent statistical analysis and genetic algorithm the following remarks may be drawn:
(a) The significant parameters for both tensile and flexural strength are temperature (T 1 ) and duration (h 1 ), at a 95% confidence level. Therefore, for slow temperature increase values, i.e. 1-5 °C/min, the effect of the heating rate a on the performance of the cured laminated composite is not considerable. (b) The estimation of the curing parameters for optimum tensile and flexural performance can be achieved with an error considerably lower than 1%. More specifically, the error of the calculated optimum tensile performance was 0.41% and of the flexural performance 0.65%.
